AssTRACT.--Hummingbird species inhabiting restricted geographic regions exhibit morphological patterns that differ significantly from those predicted by null models in which species are selected at random from appropriate species pools. Temperate North American hummingbirds are convergent: more similar in bill length, body weight, and wing length than predicted by several null models. These temperate species also are more similar to each other than they are to more closely related (congeneric) species from subtropical and tropical habitats. Hummingbirds of the Greater and Lesser Antilles show a nonrandom distribution of species among islands: all islands inhabited by hummingbirds have at least two species, and these fall into two distinctly different size categories. Allometric scaling of bill length with respect to body mass is distinctive in Antillean hummingbirds; bill length increases more rapidly with increasing body weight in West Indian hummingbirds than in random samples of hummingbirds of the world or in other birds. These morphological patterns appear to reflect two ecological processes: interspecific competition among hummingbirds and mutualistic coevolution with flowers. Hummingbird species of similar morphology use similar floral resources but rarely coexist in the same local areas. Species of divergent morphology exploit different food resources and frequently coexist locally. Length of the bill, which influences access to different kinds of flowers, is particularly important in the orga- Hummingbirds, the nonpasserine avian family Trochilidae, provide an excellent system for addressing these issues. This presumably monophyletic group, containing more than 100 genera and 300 species, is widely distributed in the New World, attaining its greatest diversity in tropical latitudes. Hummingbirds are specialized for feeding on floral nectar and share a suite of characteristics including long, slender bills, tiny feet, and wings adapted for hovering flight. Because they are easily observed and their food resources can be monitored accurately, hummingbirds have been the subjects of many behavioral and ecological studies. Several investigators have suggested that species in particular geographic areas exhibit morphological patterns that reflect evolutionary adaptations both for competitive interactions with other hummingbirds and for mutualistic interactions with bird-pollinated flowers 251 The We then tested two null hypotheses that impose additional constraints on the species pool. Unfortunately there is no modern, generally accepted classification of the family Trochilidae that attempts to reconstruct phylogenetic relationships among the genera, so we did not feel confident restricting our species pool to some taxonomic subgroup within the family. Note that both the biogeographically and the morphologically constrained species pools are also taxonomically constrained, because they contain only 18 and 17 genera, respectively, of the 70 genera in the world species pool for which all measurements are available for at least one species. When 1,000 draws of 8 species each are taken from either the biogeographically or morphologically constrained pools, the variation in the relevant traits is much greater than for the temperate hummingbirds (Table 1) . This is true for all three characters in the test with biogeographic constraints, but of course only for culmen lengths in the test with morphological constraints (since all species in the pool were within the range of variation of the temperate species in both body weight and wing length).
Several investigators have noted that the north temperate hummingbirds are extremely similar in size and shape. Grant and Grant (1968; see also Brown and Kodric-Brown 1979) suggested that this similarity represents convergence among species to utilize a common set of widely distributed flower species, which also have converged in size, shape, and nectar rewards. Hummingbirds compete for these floral resources primarily by aggression and territoriality. This interference usually results in exclusive use of local areas by individuals and species, and its outcome depends largely on habitat (including flower density) and wing disc loading (the ratio of body weight to the area swept out by the wings in flight; Feinsinger and Chaplin 1975, Kodric-Brown and Brown
1978, Feinsinger et al. 1979).
The claim that temperate hummingbirds are convergent in morphology has not been tested rigorously against a null hypothesis. If the claim is correct, then temperate hummingbirds should be more similar to each other than a comparable number of species drawn at random from an appropriate species pool. We tested this hypothesis by comparing measurements of body weight, bill (exposed culmen) length, and wing length for the temperate species with sets of eight species randomly drawn from a large pool of species of hummingbirds of the world for which measurements were available (see Appendix). We conducted three tests of the null hypothesis that the temperate hummingbirds are no more similar in size than randomly assembled associations of species.
First, we used computer simulation techniques to draw 8 species at random 1,000 different times from the pool of 123 species for which all measurements were available. For each set of eight species we computed the variance for each of the three measurements, and we recorded the number of cases in which the variance for a null community exceeded that of the observed temperate assemblage. For all three characters, variance in the random communities was greater than in the real community for all 1,000 draws (Table 1) . Clearly, temperate hummingbirds are much more similar in size and shape than a random subset of the hummingbirds of the world (Fig. 1) . A random draw from the global species pool may not be an appropriate method for evaluating certain null hypotheses, however. For one thing, the temperate species probably are more closely related to each other than to certain exclusively tropical groups. Thus, the similarity could be attributed to failure to diverge from a recent common ancestor rather than to convergence in response to similar ecological conditions. Biogeographic and taxonomic relationships suggest that temperate North American hummingbirds derived from tropical montane and subtropical ancestors that colonized from Mexico. The morphology of temperate hummingbirds also might be constrained by the de- We then tested two null hypotheses that impose additional constraints on the species pool. Unfortunately there is no modern, generally accepted classification of the family Trochilidae that attempts to reconstruct phylogenetic relationships among the genera, so we did not feel confident restricting our species pool to some taxonomic subgroup within the family. Note that both the biogeographically and the morphologically constrained species pools are also taxonomically constrained, because they contain only 18 and 17 genera, respectively, of the 70 genera in the world species pool for which all measurements are available for at least one species. When 1,000 draws of 8 species each are taken from either the biogeographically or morphologically constrained pools, the variation in the relevant traits is much greater than for the temperate hummingbirds (Table 1) . This is true for all three characters in the test with biogeographic constraints, but of course only for culmen lengths in the test with morphological constraints (since all species in the pool were within the range of variation of the temperate species in both body weight and wing length).
The hypothesis that temperate hummingbirds are similar, not as a result of evolutionary convergence but simply because they have not diverged substantially from a common ancestor, also can be evaluated by comparing variation within and between genera. Two of the four genera of temperate hummingbirds have other species with exclusively tropical distributions. If temperate hummingbirds have not diverged significantly from a common ancestor, these tropical congeners should also be similar in size and shape to their temperate relatives. Clearly this is not the case ( highly specific pollinators of two distinct sets of hummingbird-pollinated plant species: small, short-billed hummingbirds can forage only from short-tubed flowers that have low rates of nectar secretion, whereas large, long-billed birds feed almost exclusively from long-tubed flowers that secrete more copious nectar.
The relationship between Antillean hummingbird morphology and ecology can be examined more rigorously by comparing the observed morphologies and distributions of species with those expected on the basis of null models that assume that insular communities are assembled at random, uninfluenced by interspecific interactions.
Comparison with the global species pooL--We first tested whether the morphologies of Antillean hummingbirds differ significantly from a random sample drawn from the entire pool of hummingbirds of the world. For each of the three measurements (body weight, culmen length, and wing length) we drew at random from the pool 14 species for which the relevant data were available. This was repeated 500 times. We quantified the maximum difference between the actual Antillean distribution and that for the entire world species pool, and then determined the number of random assemblages that were more different than this when also compared to the world species pool. We measured the difference using the D-statistic from the Kolmogorov-Smirnov two-sample test, which is the maximum cumulative deviation over corresponding intervals between two distributions (Siegel 1956). Depending on the trait, approximately 20-50% of the null assemblages were more different than the actual Antillean species when both were compared to the entire species pool (Table 4) . This is hardly convincing evidence for the nonrandom assembly of Antillean communities, but note that fewer simulated distributions exceeded the observed difference for culmen length (102 out of 500; P = 0.2) than for the other two measurements.
Comparison with a randomized Antillean species pool.--We next tested whether the distribution of species morphologies differed from that expected if the 14 species were redistributed randomly among islands in the frequencies that they actually occur. There are 35 islands inhabited by hummingbirds, but the same combinations of species occur together on several different islands (Table 3) . Thus, it is inappropriate for most tests to consider each island as an independent sample. To be rigorous and conservative we used only the nine different combinations to obtain the observed distributions for each measurement. We generated an expected distribution by drawing nine different combinations of species at random from the pool of 14 Antillean species ( The observed and null distributions were compared and the significance evaluated with a Kolmogorov-Smirnov test (Fig. 2) . Differences between observed and null are significant for culmen length (P < 0.05), marginally significant for body weight (0.05 < P < 0.10), and insignificant for wing length (P > 0.10). Note that it is particularly with respect to bill length that real communities represent nonrandom combinations of morphologies. Also, the observed distributions for both culmen Terborgh 1973) . Resuits of this analysis indicate that the actual distribution differs (P < 0.01) from the predicted null distribution in having too few islands with only one species, too many islands with two species, and too few islands with three or more species (Fig. 3) . This pattern is highly nonrandom (X 2 = 27.26, P << 0.01; Fig. 3 shows the data plotted by number of species per island, but some adjacent categories can be lumped to give sufficiently high expected values to meet the assumption of the Chi-square analysis). This pattern suggests that any island These relationships can be examined more rigorously by deriving the allometric equations from regressions fitted to the data. These equations take the form l = CW'" where l is a linear dimension (bill length or wing length in mm), C is a fitted constant, W is a volumetric measurement (body weight in g), and rn is the exponent relating the two variables (or the slope of the regression line fitted to log-transformed data). In Fig. 4 we have plotted fitted regression equations for log-transformed measurements of Antillean hummingbirds, hummingbirds of the world, North American corvids (crows and jays), and North American owls. We included the last two groups because we believe they are representative of the general al1ometric scaling of bill length and wing length in birds. Each of these two families exhibits a wide range of body sizes but does not use its bill for foraging in the same specialized way that hummingbirds do. The exponent (slope) for Antillean hummingbird bills (0.79) is nearly twice as high as the exponents for either bills or wings (0.32-0.53) of any of the other birds (Fig. 4) . Statistically, the exponent for Antillean hummingbird bills can be readily distinguished from the exponents of all the other allometric relationships (P < 0.01), which are all much more similar to each other (Table 5 ).
The bills of Antillean hummingbirds are much more different in length than would be expected on the basis of body weight. Also of interest, although it will come as no surprise to students of hummingbirds, is the great variation around the allometric relationships for bills (r 2 = 0.39) of hummingbirds in the global pool, compared to comparable relationships for either Antillean hummingbirds, owls, or corvids (all r 2 > 0.79). This indicates that differences in bill length (and shape) play such an important role in the ecology of hummingbirds that selection has produced morphologies of many species that deviate greatly from predicted allometric relationships (see also Feinsinger and Colwell 1978).
The unusual allometric scaling of bill length suggests a final and admittedly ad hoc test of the null hypothesis that Antillean hummingbirds represent a random sample of the hummingbirds of the world. We used Monte Carlo methods to draw 14 species at random from the 123 species for which both culmen length and body weight data were available. Then we calculated the correlation coefficient for the 14 pairs of log-transformed data. This procedure was repeated 1,000 times. In 996 of 1,000 sets of species assembled randomly from the world species pool the correlation coefficient was lower than the value (0.79) calculated for the real Antillean fauna, resulting in unequivocal rejection of the null hypothesis (P = 0.004). All Antillean hummingbirds appear to conform to a special relationship between bill length and body size that is very different from comparable relationships both for hummingbirds in general and for other kinds of birds. Why should species that differ in body size be even more different in bill length than expected on the basis of the allometric relationship in other hummingbirds, unless species of different sizes tend to occur together and have been selected to diverge in bill length? Both Lack's qualitative observations and our quantitative analyses (Figs. 1-3) show that pairs of species of different size usually occur together on the same islands. Although these distribu- istics provide little indication that it interacts much more closely with hummingbirds than any other Antillean passefine. Closely related species often are so constrained by their common phylogenetic histories that they differ substantially in only a few characteristics. Often, especially in sympatric species, these differences reflect divergent mechanisms of resource utilization in response to interspecific competition. Thereforeß they tell more about the role of ecological interactions in causing character displacement and adaptive radiation within phyletic lineages than they do about the organization of diverse communities containing many distantly related taxa. Analysis of morphological patterns among closely related species is useful because it may suggest mechanisms of ecological interaction that affect community structure, but other approaches will be necessary to explore the consequences of these interactions among distantly related taxa. 
